Explicit-solvent simulations with TIP3P water models are carried out on model Lennard-Jones (LJ) spheres as Field-SEA's pre-calculations. They are also performed on atomic solutes, diatomic solutes, molecular ions, and capped dipeptides to calculate their TIP3P solvation energy and to calculate explicit-solvent density maps for the diatomic solutes. Details of these calculations are described below.
were performed in the isothermal-isobaric (NPT) ensemble, with a pressure of 1 atm coupled by Parrinello-Rahman barostat 6 with a time constant of 5 ps and an isothermal compressibility of 4.5*10 -5 bar 7 . LINCS 8 with an order of 12 was used to constrain all bonds involving hydrogen atoms. Electrostatics were calculated by the smooth particle-mesh Ewald 9 method, with a real-space cutoff of 15 Å, Fourier spacing of 0.1, spline order of 6 and relative energy tolerance of 10 -6 . The LJ interactions were smoothly switched off between 11 and 13 Å, and long-range energy and pressure corrections were applied 10 . In addition, we also test shorter cut-offs (LJ interactions were smoothly switched off between 9.5 and 10.5 Å) when calculating molecular ion's solvation free energy (charging free energy + non-polar terms), and obtained identical results to calculations with longer cut-offs.
Before production simulations, systems were first minimized by up to 5000 steps of L-BFGS 11 minimization, followed by 500 steps of steepest-descent minimization.
Then a 50ps NVT and a 100ps NPT simulation were performed to equilibrate each system. The temperature in these NVT and NPT simulations was coupled to 300K using Langevin dynamics 5 and the pressure in the NPT simulation to 1atm using the Berendsen weak-coupling method 12 with a time constant of 0.5 ps.
Explicit solvent free energy calculations
The calculation of a solvation free energy can be divided into 2 components: 1) a charging free energy caused by the electrostatics interactions and 2) a non-polar terms caused by LJ interactions. Each component was calculated separately with Thermodynamic Integration (TI) [13] [14] .
The model spheres' charging free energies were calculated with TI, in which the charged spheres were reversibly transformed between a non-charged and a fully charged state over a series of simulation windows. Each of these windows has its own transformation parameter (λ), with λ = 0 corresponding to non-charged state, and λ = 1 to fully charged one. The free energy difference between these 2 states is calculated from integrating the change of potential energy over the change of λ over the full span of λ from 0 to 1:
Where ∆A is the Helmholtz free energy change, equivalent to the Gibbs free energy change ∆G when the change in the pV term, ∆pV, is negligible.
In this work, 6 windows, each simulated for 10ns (charged model sphere) or 5ns (other solutes), were used for the above transformation or charging process, with λ spanning from 0 to 1 in an even step of 0.2. Detailed discussion of TI theory can be found elsewhere [13] [14] .
If not specified, all calculated charging energies in this work refers to intrinsic charging energy 15 , where Ewald correction is not applied. We only carry out Ewald correction [15] [16] when comparing ions' solvation energy with experimental results (the involved charging free energy is called electrochemical charging energy). For neutral solutes, these Ewald corrections do not contribute to the charging free energy.
To calculate the non-polar terms for the monatomic ion or molecular ion solvation soft-core potentials [17] [18] .
Solute-solvent boundary mapping simulations
Simulations of solvated diatomic solutes (AB) were run for 25 ns, with coordinates saved every 1 ps. For each water oxygen in the trajectory, the distance between oxygen O and atom A (d OA ), and the angle ∠OAB were calculated. Then all water oxygen atoms in the trajectory were plotted with 2 coordinates: d OA and ∠OAB, which shows the solute-solvent boundary. In other words, when plotting the boundary, each frame was re-oriented N (N is the number of water molecules) times with vector AB as the reference x-axis, so that all water oxygen were plotted on the same plane.
Force fields and parameters
A set of LJ parameters developed by Joung and Cheatham 19 and another set by Aqvist 20 were employed for atomic ions. The GAFF 21 LJ parameters of c3, hn, oh, n3 and corresponding bond parameters were used for diatomic solutes, and some arbitrary partial charges were assigned for these toy molecules (see SI Table S4 ). The GAFF 21 LJ parameters and AM1-BCC 22 partial charges were taken for both neutral and charged solutes, as in previous studies [23] [24] .
LPBE (linearized Poisson-Boltzmann equation) Calculations.
LPBE solvation energies were computed with the adaptive Poisson-Boltzmann solver (APBS) v 1.0 25 . The nonpolar term was calculated using the APBS dispersion incorporation method 26 . The polar term was computed with the van der Waals surface as the dielectric boundary, and the PB equation was solved on a 65 × 65 × 65 grid with a spacing of 0.25 Å. A continuum dielectric of 78 and a solute dielectric of 2 were used in all PB calculations. We tested calculations with continuum and solute dielectric constants of 97 and 1 respectively for more direct comparisons with TIP3P water calculations; however, this decreased agreement.
Contour representation as a coefficient set
For efficient extraction of ∆G pol terms from the free energy contour constructed from the curvature and surface measured electric field, we binned the contour into 20 charge regions between -1.6 and +1.6 and performed a nonlinear curve fit to Equation 1 in the main text. The resulting coefficients extracted from this curve fit are presented below in Table S1 . Using this coefficient set representation of the contour, determination of ∆G pol is done by using Equation 1 of the main text with the appropriate coefficients rather than a multistep interpolation routine. Figure S4 . Scatter plots of LPBE, SEA, and Field-SEA ∆G solv of ±1 atomic ions (see Table S2 ) against TIP3P results. Ewald correction is applied to TIP3P, SEA and Field-SEA results. 
